Abstract. With the rapid development of the aerospace industry, the control of aircraft structural vibration becomes increasingly important. Semi-active vibration control method based on synchronized switch damping have been attracted more attention due to its robustness compared with passive approaches and simplicity compared with active approaches. In this paper, three SSD semi-active control methods combined with a modal observer were applied to multimodal vibration suppression of an aircraft panel with stiffeners, and their effectiveness was verified by experimental results. A state observer was built based on the experimentally identified state-space model of the panel. Modal displacement of the panel was identified on line using the state observer and used in switch control of different piezoelectric actuators. Since the vibration characteristics of the panel with stiffeners was very complicated and its natural frequencies were distributed densely, use of the identified modal displacement as the reference signal for voltage switching in SSDI, SSDV and SSDNC improved the control effect for some specific modes and simplified the system. Good performances of vibration suppression were achieved in both single-mode control and multimodal control.
Introduction
With the rapid development of the aerospace industry, the control of aircraft structural vibration becomes increasingly important. The vibration of aircraft structure not only deteriorates aircraft performance and leads to structural noise, but also causes fatigue failure of the structure. Due to the strict design specifications on weight and reliability of aircraft structures, it is necessary and urgent to develop high-performance vibration control systems with high reliability, lightweight, low power consumption. The passive approaches using damping materials can no longer meet the requirements, and vibration reduction based on piezoelectric elements has been proved to be a promising approach and mainstream of research. Piezoelectric materials are the most widely used functional materials and has the advantages of high electromechanical coupling factor, small size, wide frequency band, et al., which are important for sensor or actuator applications in aerospace field [1] .
Although significant progress has been achieved in the structural vibration control based on the piezoelectric elements in the past two decades, there are still many problems to be solved for real world applications. For example, active control methods give high control performance and robustness, but they need high-performance digital signal processing units and bulky amplifier. On the other hand, passive methods based on piezoelectric elements are easy to implement, but usually they are less robust. In order to overcome these disadvantages, several semi-active approaches have been proposed. Wang et al. studied a semi-active R-L shunting approach [2] , in which an adaptive inductor tuning, a negative resistance and a coupling enhancement set-up lead to a system with damping ability. Davis et al. developed a tunable electrically shunted piezoceramic vibration absorber [3] , in which a passive capacitive shunt circuit is used to electrically change the piezoceramic effective stiffness and then to tune the device response frequency. Clark, proposed a state-switched method [4] , in which piezoelements are periodically held in the open-circuit state, then switched and held in the short-circuit state, synchronously with the structure motion.
Another type of semi-active control, which has been receiving much attention in recent years, is called pulse switching technique. It consists in a fast inversion of voltage on the piezoelement using a few basics electronics, which is synchronized with the mechanical vibration. In the methods proposed by Richard et al. the voltage on the piezoelectric element is switched at the strain extrema or displacement extrama of vibration [5] . These methods are called Synchronized Switch Damping (SSD) techniques [5] [6] [7] . On the other hand, in the method proposed by Onoda and Makihara the switch is controlled by an active control theory and it is called active control theory based switching technique here [8, 9] .
In the original SSD technique, the control performance mainly depends on the value of the voltage on piezoelectric element. To improve the control performance, an inductance can be connected to the shunt circuit to invert the voltage in the piezoelectric element. This method is called SSDI [6] . The inversion process boosts the voltage, thus increasing energy dissipation. The objective of all switch control algorithms is to maximize the energy dissipated in each cycle of vibration. To further improve the control performance, a method called SSDV (SSD based on voltage) has been proposed [7, 10] . A new SSD method using negative capacitance (SSDNC) in the switching shunt circuits was proposed by the present author and her co-wokers [11] [12] [13] . Though the electric property of the whole circuit is capacitive, the voltage on the piezoelectric element can still be inverted efficiently in SSDNC method, which the synthesized negative capacitance is used to replace of inductor in SSDI control. The theoretical results show that the magnitude of the switched voltage on the piezoelectric element depends on the ratio of the inherent capacitance of the piezoelectric to the negative capacitance. Hence, the SSDNC method overcomes the disadvantage of SSDI that the magnitude of the switched voltage on piezoelectric elements depends on the voltage inversion coefficient, that is, the control performance is determined by quality factor of the inductor control.
Application of the SSD methods in multimodal vibration control has been of great interest and also of great challenge because defining optimal switching moment in a MDOF system is a very difficult issue. Several research works have been reported on application of the SSD techniques in multimodal vibration control. Corr and Clark [14] experimented with SSDI in the case of a multimodal vibration based on mode selection using digital filtering techniques. Harari used system identification method to estimate modal displacements and used them to control different modes in multi-mode control [15] . System identification method is superior to modal filtering method because no phase delay is induced in the estimated modal displacement. Goyumar and Badel [16] and Goyumar et al. [17] proposed a probabilistic approach and a statistical analysis dedicated to the SSD technique and achieved good control performance. This control consists of defining optimal moments for the switching sequence in order to maximize the vibration damping and the energy dissipated in the switching device. Ji et al. proposed a displacement threshold technique and an energy based technique for switch control in SSDI and SSDV for their application in multimodal vibration control [18, 19] .
The techniques of SSD method for multimodal vibration control introduced above can be divided into two categories. The techniques in the first category use filter to select modes and the voltage is switched at the displacement extrema of the selected mode. Those in the second category use some algorithms to find the optimal switching moment in the resultant displacement of multimode vibration to maximize the converted energy. Although the techniques in the second category are effective for simple system with two or three modes, the algorithms to find the optimal switching moment may become very complicated when the number of modes increases. Hence for a complex system with many modes, multi-channel implementation of the techniques in the first category may be simpler because of the low cost of the SSD system.
In this study, an experimental platform of SSD method for vibration control of thin-wall aircraft structure was built. The effectiveness of SSD method in multimodal control was verified by experiment. The proposed new SSD semi-active control methods were applied to vibration suppression of an aircraft panel with stiffeners, and their effectiveness was verified by experimental results. Modal displacements of the panel were identified on line using the state observer and used in switch control of different piezoelectric actuators. Since the vibration characteristics of the panel was very complicated and its natural frequencies were distributed densely, use of the identified modal displacement as the reference signal for voltage switching in SSDI, SSDV and SSDNC improved the control effect for some specific modes and simplified the system. Good performances of vibration suppression were achieved in both single-mode control and multi-mode control.
Principle of ssd methods

Electromechanical model of a vibration system
As introduced above, modal displacements are necessary for voltage switching of piezoelectric actuators. Although the sensor signal contains the information of all the modal displacements to be controlled, they are mixed together. Hence, it is necessary to separate them using an observer. In order to identify the modal displacements, the state-space model of structure is necessary. The state-space model can be derived analytically, numerically or experimentally. In this study, the parameters of the state-space model were identified experimentally. The procedure is discussed in this section. Figure 1 shows a generic structure with integrated piezoelectric patches (only one patch is shown in the figure). The vibration displacement w(x, t) at any point of the structure, x, can be written as the summation of the product of the modal coordinates and the eigenmode functions as follows:
where φ i (x) is the modal shape of the ith natural mode and u i (t) is its modal coordinate. If it is assumed that the modal coordinates have been normalized with respect to modal mass, then the equation of motion in modal space after neglecting the high-order modes can be expressed in the following forms [15, 19] :
where u is the vector of modal coordinates with length n, ω i is the natural angular frequency of the ith natural mode when all the piezoelectric patches are in short-circuit state, ζ i is the modal damping, A 1 is the voltage coefficient matrix of piezoelectric patches used as actuators, and A 2 is the voltage coefficient matrix of piezoelectric patches used as sensors. V 1 and V 2 , having the dimension of k 1 and k 2 (k 1 + k 2 = m, the total number of piezoelectric patches), are the vectors of actuator voltages and sensor voltages, respectively. They are defined as follows:
The electrical equations of the piezoelectric patches can be expressed as
C p1 and C p2 are the diagonal matrix of inherent capacitance of the piezoelectric patches used as actuators and sensors, respectively, and Q 1 and Q 2 are the vector of electric charges on the piezoelectric actuators and sensors, respectively. They are defined as follows:
If the input impedance of the sensor interface circuits is larger enough, the sensors can be assumed to be the open-circuit state, that is, the charges on the piezoelectric sensors are zero. This leads to
Substition of Eq. (6) into Eq. (2) yields
If we define the state vector, Then the system can be written in the following form:
where
The term A 2 C −1 p2 A T 2 is modification to the angular natural frequencies due to the electromechanical coupling effect of the piezoelectric patches in open-circuit state. For a structure considered in this study, the difference between the natural frequency in short-circuit state and that in the open-circuit state is very small, usually smaller than 0.1%. Hence, this term is neglected in the following discussion.
Parameter identification
The analytical expressions of the state-space model have been obtained in the previous section, but the values of the parameters need to be determined. Due to complexity of the structure, it is difficult to use the analytical for numerical method to obtain relatively accurate parameters in the state-space modal. Therefore, these parameters were identified by experimental methods in this study. There are standard procedures to measure the modal frequency ω, modal damping ζ, and piezoelectric capacitance C p by experiment, but there is no established method to identify the voltage coefficient matrix α ij . The method of identification of α ij used in this study is given below.
For convenience of analysis, it is assumed that the differences between the natural frequencies of different modes are large enough. It means that when a specific mode is excited by a harmonic force at its resonant frequency, the system can be considered as a SDOF system. That is, the vibration of this mode is dominant and the vibration of all other modes can be neglected.
Now it is assumed that the jth piezoelectric patch is used as an actuator and the other patches are used as sensors. A harmonic voltage, V a ij with a frequency of the ith modal is applied to the jth element, that is,
whereV a ij is the amplitude of V a ij . According to the assumption above, the system is considered to be an SDOF system and according to Eq. (10), the equation of motion Eq. (7) is written as:
The displacement response will be
The sensor voltage on the kth piezoelectric element is:
According to the Eq. (15), the ratio of α ik and α il , the voltage coefficients of any two piezoelectric elements, can be expressed as:
If the values of the capacitances of the two elements are same, Eq. (16) can be simplified to:
According to Eq. (17), the ratio of voltage coefficients of two piezoelectric elements can easily be obtained by measuring their voltage outputs when the structure is excited at a specific mode.
Next the lth piezoelectric patch is used for excitation and the output voltage of the kth piezoelectric patch is measured. According to Eqs (14) and (15), there exist
whereV a il is the amplitude of voltage applied to the lth piezoelectric patch. From the Eq. (18), it is easy to obtain the following form:
It shows that voltage coefficient α ik can be calculated from Eq. (19) if the ratio of α ik /α il is known.
Review of the SSD methods
According to the previous work [20] , the energy equation of the ith mode for a time window (0, T ) can be expressed in the following form:
This equation exhibits that the provided energy is balanced by the energy dissipated on the mechanical damper and the converted energy, which corresponds to the part of mechanical energy which is converted into electrical energy. Maximizing this energy amounts to minimize the mechanical energy in the structure (kinetic + elastic). The purpose of the SSD method is to amplify the voltage on the piezoelectric element to improve the converted energy.
SSDI and SSDV methods
A typical switch circuit for SSDV method is shown in Fig. 2 (a) and the corresponding actuator voltage is shown in Fig. 2(b) . If there are no voltage sources in the circuit, it becomes the switch circuit of SSDI control. Between the actuator voltages V M and V m , there exist the following relationships:
where γ ∈ [0, 1] is the voltage inversion coefficient, V cc is the voltage source added in the circuit and u M is the maximum amplitude of vibration displacement. The inversion coefficient γ is a function of the quality factor of the shunt circuit, Q e :
From Eq. (21), the following switched voltage can be obtained:
The switched voltage can be effectively raised by increasing the output of the voltage source V cc . In steady-state control, the converted energy in a cycle of vibration can be expressed as:
SSDNC method
The SSDNC system is the same as a SSDI system except that the inductance in SSDI is replaced by a negative capacitance. The schematic of the SSDNC system is shown in Fig. 3 . The waveforms of the voltage on the piezoelectric element and the current in the circuit of SSDI are illustrated in Fig. 4(a) . The SSDNC system is fundamentally first order because the electric circuit is purely capacitive [11] . No electrical oscillation occurs in the circuit. The waveforms of the voltage and current are illustrated in Fig. 4(b) . In steady-state control, the voltage on the piezoelectric element and the converted energy in a cycle of vibration can be expressed as
Equation (25) shows that the magnitude of the voltage after inversion is independent of the quality factor of the circuit, but dependent upon the capacitance ratio C p /(C n − C p ). If the value of the negative capacitance, C n , is slightly larger than the capacitance of the piezoelectric element, C p , the amplification factor can be very large. This is the advantage of SSDNC.
Energy conversion and control voltage of SSDI and SSDNC with optimal switching frequency (switching at every displacement extrema) have been discussed in above. However, the voltage is not always switched at the optimal frequency in multi-modal control based on SSD techniques. Reference [12] shows that efficiency of energy conversion is reduced by about one half even if the switching frequency is slightly deviated from the optimal frequency, which is similar to the SSDI control system. However, the control performance of SSDNC is better than that of SSDI for most non-optimal switching frequencies. This is another advantage of SSDNC.
Modal observer and experimental system
Modal observer
In this study, a state-space observer was used to estimate the state vector, which contains the modal displacements as a sub-vector. The modal displacements are necessary in voltage switching of the piezoelectric actuators. The state-space model of the observer can be expressed in the following form: whereX is the state variable of the observer, which is used to approximate the state variable the structure, V a is the switched voltage on the piezoelectric actuator, V s is the output of the piezoelectric sensor, and V s is the estimated sensor output from the observer. The matrix of gain K was designed using the Kalman filter approach [21] . Since the state variable of the state-space model of the structure is not available, the estimate state variableX, which include the modal displacement, was used for voltage switch.
Experimental set-up
The structure used in the experiment, shown in Fig. 5 , was an aircraft panel. A laser Doppler vibrometer was used in experimental modal test of the aircraft panel and the layout of the piezoelectric elements was optimized based on the results of modal testing [22] . The parameters of the aircraft panel and piezoelectric elements are given in Tables 1 and 2 . In this study, seven piezoelectric elements as shown in Fig. 5 were used. The layout of the piezoelectric elements is shown in Table 3 . Piezoelectric patch 1 was used as the actuator for excitation of vibration of the panel. Piezoelectric patch 2 was used as a sensor to evaluate the performance of vibration control of the panel. Piezoelectric patches 3, 4 and 5 were used as actuator to control the vibration of the panel. According to the results of experimental modal test, the three piezoelectric patches were used for control of the three modes at 165.5 Hz, 232.2 Hz and 356.5 Hz, respectively, because they were most effective for the respective modes. Piezoelectric patch 6 was used in the observation of modal states.
The state-space observer shown in Eq. (27) was implemented in a DSP environment based on the dSPACE board DS1103. The block diagram of the whole system is shown in Fig. 6 . The observed displacementsû 1 ,û 2 andû 3 were used as reference signals for voltage switching of piezoelectric patches 3, 4 and 5. Switch signals were generated from the reference signals using extrema detect and used to control the switch circuits. The three SSD control approaches, SSDI, SSDV and SSDNC, were implemented on different switch circuits.
Parameter identification and observer performances
In this study, three selected modes with frequencies 165.5 Hz, 232.2 Hz and 356.5 Hz were controlled. The parameters of these modes were identified using experimental modal testing methods and are shown in Table 4 . The voltage coefficients of the six piezoelectric elements coupled with the three modes were estimated using the procedure introduced in Section 2.3. The results are shown in Table 5 .
To validate the performance of the observer, the uncontrolled response from piezoelectric patch 7 was measured and compared with the estimated responses. The results are presented in Fig. 7 . Good agreement between spectrum of the measured response and that of the estimated response can be confirmed though there are differences in the peak values of the spectrum. Actually the peak values of the resonance are not very important for the generation of switch signal based on the principle of SSD control.
Experimental results and discussion
In order to evaluate the effectiveness of vibration suppression, the following performance index of vibration attenuation is defined,
A i is negative if the vibration amplitude is reduced. The larger the absolute value of A i , the better the control performance is. 
Signal mode control
First control experiments were carried out when the aircraft panel was excited at the resonance frequency of a signal mode. Figure 8 shows the output voltages of piezoelectric patch 2 on the panel and their spectrum without control and with SSDI, SSDV and SSDNC controls when the panel was excited at the resonance frequency of 156.5 Hz and the output of piezoelectric patch 6 was used directly as the reference for switch control. The results show that the performance of the SSDI was very low and the amplitude of vibration control by SSDNC was smallest. The performance of SSDV was not much higher than that of SSDI. The main reason is that the components of high-frequency vibration were excited by the actuator voltage, which in turn generated extra switching points for the actuator voltage. As shown in the former study, the control performance of SSDV deteriorates considerably when switching frequency deviates from the optimal frequency [23] .
The spectrum in Fig. 8(b) shows that components of high-frequency vibration were excited by the actuator voltage in SSDNC control. However, good control performance is still achieved for the vibration component at 156.5 Hz. There are two reasons for this result. The first is that the amplitude of actuator voltage in SSDNC control is determined by the ratio of the inherent capacitance of the piezoelectric actuator and the negative capacitance, as shown in Eq. (25). By choosing a suitable value of the negative capacitance, a large actuator voltage can be obtained. The second reason is that the control performance of SSDNC is kept in a relatively high level even if the switching frequency is deviated from the optimal frequency [12] . However, vibration level was obviously increased in the frequency range from 200 Hz to 400 Hz. Control performance using SSDI, SSDV, and SSDNC when excited at three modes simultaneously and using the estimated modal displacement as the reference for switch control. Figure 9 shows the same results as those in Fig. 8 when the estimated modal displacementû 1 was used as the reference for switch control. Since the high frequency vibration was effectively filtered out by the observer, extra switch points were eliminated in switching signal. Hence the control performance of SSDV at the resonance frequency was significantly improved. The performance of SSDNV was also improved slightly. The high frequency vibration in the range from 200 Hz to 400 Hz was also suppressed except at several specific frequencies. Figures 10 and 11 show the control results at the second resonance frequency of 232.3 Hz, using the original sensor output and the estimated modal displacement, respectively. Figures 12 and 13 show the control results at the second resonance frequency of 356.5 Hz, using the original sensor output and the estimated modal displacement, respectively. The results show that the uncontrolled modes were not obviously excited by the switched signal. These results experimentally verify the theoretical result that coupling of different modes are not induced by the switched voltage except at some specific frequency [24] . They also guarantee the feasibility of decoupled control of different modes using different actuators.
Multimodal control
In multimodal control, the three modes were excitely simultaneously at their resonant frequencies. The three modal displacements estimated by the observer were used as the reference signal for switch control of the three piezoelectric actuators to control the vibration of the three modes. Figure 14 shows the output voltages of piezoelectric patch 2 and their spectrum without control and with SSDI, SSDV and SSDNC controls when the panel was excited at the three resonance frequencies and the three modes were controlled simultaneously by the three piezoelectric actuators. The results show that the SSDV method gives best performance among the three control methods used in this study. The reduction of vibration amplitude in multimodal vibration control is even better than that in single mode control for some modes. The results also confirm that the new method based on a state observer to estimate modal displacements is effective in multimodal control. Decoupled switch control of different piezoelectric patches considerably simplify the control system for the complicated structures, such as the aircraft panel with stiffener used in this study.
Conclution
Three SSD semi-active control methods, SSDI, SSDV and SSDNC, combined with a state observer have been applied to multimodal vibration suppression of an aircraft panel with stiffeners, and their effectiveness has been verified by experimental results. A new method for identification of voltage coefficients of different piezoelectric patches coupling with different vibration modes was proposed. The observer was built based on the experimentally identified state-space model of the panel. The modal displacements of the panel were identified on line using the state observer and used to control the voltage switching of three piezoelectric actuators independently. This scheme significantly simplify the control system and the switching algorithm. It also significantly improved the control performance of the SSDV and SSDNC methods, both in single mode control and multimodal control. The experimental results also show that SSDV yields the best control performance among the three methods.
